Cu powders were thermally sprayed onto AISI304 substrate surface under various ambient pressures, the splat shape on the substrate had a transitional changing tendency from a splash splat to a disk one with decreasing the ambient pressure. Millimeter-sized molten Cu droplets were deposited on AISI304 substrate surface by free-falling experiment, the heat transfer from splat to substrate was enhanced with the decrease of ambient pressure, which can be attributed to the good contact at splat-substrate interface. The shear adhesion strength of coating fabricated on blasted AISI304 substrate corresponded quite well to that of the splat shape. Therefore, control of thermal spray process through observation on individual splat behavior is meaningful.
Introduction
Thermal spraying is a process that can provide thick coatings over a large area at high deposition rate as compared to other coating processes. Up to now, this technique is widely used in many industrial applications: mechanics, aeronautics, aerospace, chemistry and oil, electronic, military, automotive, medical, marine, and mining, their development has continuously increased over the past few decades 1) , for example, typically used as thermal barrier coating, TBC, in power plants. The process reliability, however, has not been always established due to its low controllability.
As splat is unit cell for the entire coating build-up, coating microstructure and corresponding properties depend strongly on the flattening nature of each splat. In order to establish the process controllability, it is necessary to study the basic process of flattening behavior of the sprayed particles. Actually, a transition phenomenon in a flattening behavior of the thermal sprayed particle on the flat substrate surface was introduced by the authors 2, 3) , which reported that when the chamber pressure decreases, the splat shapes of most materials sprayed onto flat substrates undergoes a transition from a distorted shape with splash to a disk shape.
There are so many relating factors in the splat formation process which has been extensively investigated by theoretical 4, 5) , numerical 6, 7) and experimental methods 8, 9) . However, it is still not yet fully understood the influence of ambient pressure on the splat formation process. In this study, the flattening behavior of the thermal-sprayed particles collected under various ambient pressures was investigated systematically. In addition, the dependences of coating microstructure and adhesion strength on ambient pressure were evaluated as well.
Experimental procedures
Commercially available Cu powders with 75μm or less in diameter were used as the feedstock material. AISI304 plates with dimensions of 20 mm×20 mm ×6 mm were finally polished with 0.3 μm Al 2 O 3 buff prior to spraying for the splat collection. The powders were sprayed onto mirror-polished substrate using low-pressure plasma-spraying (LPPS), while keeping all the other conditions constant, the experimental detail can be referred to a previous article 2) . For the coating fabrication, Cu powders were sprayed onto blasted AISI304 plates using controlled-atmosphere plasma spraying system (CAPS), which performed in a closed chamber filled with argon.
As thermal spraying is a complex and short-period process, it is difficult to clarify the splat formation process directly with the prevailing technology. To overcome this difficulty, a free-falling experiment was carried out as a simulation of the thermal spray process. Millimeter-sized molten Cu droplets (d=2 mm) were deposited on AISI304 substrate surface. It was melted by radio-frequency heating equipment prior to the falling. The ambient pressure was varied between 101.3 and 6.7 kPa. All the free-falling experiments were conducted in an argon atmosphere to prevent oxidation. Thermal history of the droplet on the substrate was measured. A hole with a diameter of 1mm was drilled at the center of substrate, J-type thermocouple with a diameter of 0.3 mm was inserted through this hole. A small * Received: 2010.11.11 ** Student Member, Graduate School, Toyohashi University of Technology, Japan *** Member, Toyohashi University of Technology, Japan amount of ceramic cement was forced into the hole, which acted as an electrical insulator between the thermocouple and substrate.
The thermo electromotive force was converted to digital signal and recorded by data logging system and the temperature response time was less than 1ms.
Top surface morphologies of the splats were observed using scanning electron microscope (SEM). Following this, carbon tape was pressed of the sprayed region, then pulled off, and some splats were removed. The bottom surface of the splat collected on carbon tape was examined under SEM. ImageJ imaging software was employed to quantify pore size and distribution of the splats.
The cross section of the individual splat was observed using scanning ion microscope (SIM) after cut by focus ion beam (FIB).
The shear adhesion strength of the coatings was evaluated by the specimens with 1 mm ×10 mm ×10 mm, which has a coating on its side surface with thickness around 1 mm, while the microstructures of the coating were observed by SEM as well.
Results and discussion

Characterization of thermal-sprayed splat
The top surface and cross section morphologies of splats deposited under various ambient pressures are shown in Fig. 1 .
According to the figure, the splat deposited at atmospheric pressure was shaped like splash ( Fig. 1a) , splat has a highly fragmented shape which generated a large quantity of debris.
Pores at the splat-substrate interface, even inside the splat can be found from the cross section view. It is believed that the formation of pores may be induced by the adsorbed gas condensation on substrate surface. Also, the environment gas can be trapped into the bottom of the splat from the part where the spreading droplet meet the flat substrate, which may played as a cushion of the spreading droplet during the flattening process.
With the decrease of ambient pressure, a significant transition tendency was confirmed, the splat pattern changed from the form with splashing to the one without splashing, the central solidification area of the splat was enlarged, only few short and smooth splash fingers around the center solidification area, which was defined as disk-shaped splat (Fig. 1b) . According to the cross section morphologies, only few such pores can be found from the splat deposited under low pressure condition, owing to the adsorbed gas/condensation decrease significantly as decreasing ambient pressure.
The bottom surface morphology of splat obtained at atmospheric pressure is shown in Fig. 2a , numerous pores were observed at the central solidification area. Because the intensively rapid heating of the substrate surface by the molten droplet cause desorption of adsorbates on substrate surface to form gas or to evolve into gas phase. With the progress of flattening process, more gas was accumulated at the interface between the fluid and the substrate, the accumulated gas can move inside the droplet, and formed as nano-pores, which may decrease the intimate contact between molten droplet and substrate surface. With the decrease of the ambient pressure, few pores can be observed, and solidification structure looks quite homogeneous (Fig. 2b) .
The bottom surface analysis was conducted by ImageJ as summarized in Fig. 2c , both the area fraction and average size of the pores at the bottom surface increase significantly with the increase of ambient pressure, which indicates that more intimate contact can be expected at the lowered ambient pressure condition. It is known that water and other substances can be adsorbed on clean solid surface, the most common condensate is water from moisture. Desorption tends to occur when the substrate temperature rises and ambient pressure decreases.
Actually, often molecules do form multilayers, some are adsorbed on already adsorbed molecules. BET isotherm 10) suggests that lack of a true chemical bond between adsorbed gas molecular and substrate except the first layer, so that the physical adsorption can be removed easily by reducing the ambient pressure. Because (Fig. 4a) , the temperature at the interface decreased faster when the substrate was located at lower ambient pressure environment, which indicates that good heat transfer can be obtained 11) . According to Fig. 4b , it is found that as defined cooling rate in the splat increases with the decrease of ambient pressure, increasing from 4.4×10 3 K/s on the substrate under atmospheric pressure to 1.1×10 4 K/s on the substrate located at an ambient pressure of 6.7 kPa. As the substrate material used in this study was stainless steel, and the substrates were stored for appropriate periods at room temperature in a dry condition, it is estimated that no significant oxidation change by reducing the ambient pressure. Therefore, only the adsorption/desorption of the adsorbates and condensates changed by controlling the ambient pressure. Consequently, good contact can be obtained by removing the adsorbed/gas condensation through ambient pressure reduction, hence the heat transfer between the molten droplet and substrate surface was enhanced, corresponding with higher cooling rate.
Verification of splat formation process
During the thermal spraying process, the lateral flattening of the liquid fluid along the substrate surface takes place when the molten droplet impacts on a polished substrate surface, which is driven by the kinetic energy. The dynamic impact pressure towards the substrate surface will be generated to keep the fluid flowing along the substrate surface. This impact pressure can be very high and concentrates at a small contacting area and then spreads quickly with droplet flattening. Meanwhile, the heating of molten droplet to the substrate occurs because the heat flow from the droplet to the substrate occurs simultaneously. The intensively rapid heating of the substrate surface will cause desorption of adsorbed gas/condensation to form gas or to evolve into gas phase. With the progress of flattening process, more gas is accumulated at the interface between the fluid and the substrate.
The gas-induced pressure tends to detach the fluid from the substrate surface. Such pressure may depend on the gas amount accumulated and evolution rate as well. Accordingly, the gas-induced pressure will be increased with the flattening, while the dynamic impact pressure dissipates quickly with droplet flattening 12) .
When the spraying work is conducted at atmospheric pressure, some physical adsorbed molecular layers existed on the surface, which can result in the rapid increase of adsorbed gas-induced pressure, also, the environment gas can be trapped into the splat at the periphery part rapidly. The trapped gas accumulated at the interface and formed as a cushion of the molten droplet surround the center zone. With the increase of these gas-induced pressure, the flowing fluid will be pushed up or thrown away in jetting by inertial of flowing fluid 13) , deposited as splash splat. Also, the low viscosity of the molten droplet due to the high particle temperature at high pressure condition 14, 15) make the splashing become easy. The cooling rate is low due to the low heat transfer generated by the poor intimate contact at the interface. It results in the rapid flattening with low viscosity, and finally induced the splashing occurrence.
With the decrease of ambient pressure, it gives rise to substantially higher particle velocities compared to those attained at atmospheric pressure [14] [15] [16] , which results in the higher dynamic impact pressure during the flattening process. The adsorbed gas molecules were removed, therefore, when the molten droplet impacts on a flat substrate surface, more intimate contact of the molten droplet on the clean surface, and little environment gas can be trapped into the splat bottom surface at the periphery owing to the low environment pressure. The higher dynamic impact pressure towards the substrate surface will be generated to keep the faster fluid flowing along the substrate surface. With the progress of flattening process, even adsorbed gas and trapped gas can be accumulated at the interface between the molten droplet and the substrate, however, the gas-induced pressure should not as large as achieved at high pressure condition, while the dynamic impact pressure should be higher. As a result, the impact pressure will be enough to force liquid into surface crevices without splashing, finally, formed as disk-shaped splat.
Coating microstructure and adhesion strength
Cu coating was fabricated on the blasted AISI304 substrate under various ambient pressures. From the top surface view (Fig.   5a ), most of the splat was fully melt when the spraying was conducted at 90kPa, with the decreasing of ambient pressure, more half-melt particles can be observed. The bottom surface was observed as shown in Fig. 5b , more valleys and peaks can be observed at 90 kPa, some part of the coating cannot contact with the substrate well, and many pores can be found. However, the structure seems quite smooth at lower pressure, and few pores can be found. According to the cross section images, similar multilayer structures can be observed for the coating fabricated under different ambient pressures (Fig. 5c) . However, the contact condition seems enhanced by reducing the ambient pressure, while significant crack can be observed at the interface while the coating fabrication was conducted at 90.0 kPa. Figure 6 shows the dependence of shear adhesion strength of the coatings on ambient pressure. According to the result, the shear adhesion strength was remarkably enhanced on the substrate under low ambient pressure, however, changed transitionally with the ambient pressure increasing. In general, mechanical bonding usually prevails for most coatings during the thermal spraying process. The mechanical bonding was enhanced by the more intimate contact, and higher impact pressure generated by the increased velocity at low pressure condition.
With the increase of ambient pressure, the re-adsorption of adsorbates occurred on the substrate surface, together with the lower impact pressure. Therefore, the mechanical adhesion was weakened due to the less intimate contact, which resulted in the poor adhesion strength between the coating and substrate. If linking the adhesion strength result to the splat shape, then it can be found that the dependence of adhesion strength on the ambient pressure corresponded quite well to that of the splat pattern. To summarize, the splat flattening nature likely has a strong influence on the coating adhesion strength. Therefore, the investigation of the splat formation process on the substrate surface is significantly meaningful for the practical usage of the thermal spray process.
Conclusions
The results obtained in this study are summarized as follows:
1) Transition phenomenon of splat shape from a splash splat to a disk one was recognized by reducing the ambient pressure. This transition may be attributed to the adsorption/desorption of the adsorbates on substrate surface through controlling the ambient pressure.
2) Heat transfer from the molten droplet to substrate surface was enhanced at low pressure condition, followed by the high cooling rate due to the improved droplet-substrate contact.
Therefore, the intimate contact at splat/substrate interface plays an important role on the splat formation process.
3) The adhesion strength of the coating increased transitionally as decreasing ambient pressure, which corresponded well to that of the splat shape. The results suggest that the coating adhesion was attributed to the individual splat flattening nature than bonding mechanisms.
